Interleukin-11 (IL-11) is a pleiotropic growth factor with a detected. IL11RaÏ/Ï mice were healthy with normal numbers of peripheral blood white blood cells, hematocrit, and prominent effect on megakaryopoiesis and thrombopoiesis. The receptor for IL-11 is a heterodimer of the signal transducplatelets. Bone marrow and spleen contained normal numbers of cells of all hematopoietic lineages, including megation unit gp130 and a specific receptor component, the achain (IL-11Ra). Two genes potentially encode the IL-11Ra:
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time of hematopoietic progenitor cells [9] [10] [11] [12] and, in synergy with stem cell factor (SCF), support of the growth of HE ABILITY OF growth factors to influence cell growth and differentiation in immune and hematopoietic systems depends on their recognition and binding by multilineage progenitors. [13] [14] [15] In addition, IL-11 can, in combination with other cytokines, cause in vivo and ex vivo specific cell surface receptor(s). There is growing evidence that different growth factors display a similar range of bioexpansion of primitive and committed hematopoietic progenitors. [16] [17] [18] It stimulates myelopoiesis [19] [20] [21] and multiple logic actions. 1 This overlapping function of growth factors is in part explained by shared receptor components.
2-4 For stages of erythropoiesis [22] [23] [24] both in vivo and in vitro. There is also a large body of data on the influence of IL-11 on example, the interleukin-6 (IL-6) family of cytokines, including leukemia inhibitory factor (LIF), oncostatin-M (OSM), megakaryocyte growth and development. In vitro, most actions of IL-11 in supporting megakaryocyte progenitors have and ciliary neutrotrophic factor (CNTF), display several common actions 3, 5 and share gp130 as a signal transduction been observed in synergy with other growth factors such as IL-3 or mpl-ligand (also known as thrombopoietin [TPO] or unit. 3, 6 Several of these molecules also use the LIF receptor (LIFR) as a component of their receptor complex and, in megakaryocyte growth and development factor [MGDF] ). [25] [26] [27] [28] [29] However, IL-11 on its own has been shown to promote addition, specific receptor chains exist for OSM, IL-6, and CNTF. 3, 6 maturation of megakaryocytes. 26 In murine, 30-34 canine, 35 and nonhuman primate 36 models and, more recently, in hu-IL-11 is a recent addition to the IL-6 family and was originally cloned from a bone marrow stromal cell line based mans, 37, 38 in vivo administration of IL-11 has been shown to augment platelet levels and promote earlier hematopoietic on its proliferative activity on a murine plasmacytoma cell line 7 and on its ability to inhibit adipogenesis in 3T3-L1 recovery after toxic insults, an action with potential clinical importance. IL-11 also acts on other organ-systems: it stimucells.
8 IL-11 exhibits pleiotropic actions on the hematopoietic compartment. These include shortening of cell-cycle lates acute-phase protein synthesis in the liver, 39 regulates neuronal differentiation, 40 and influences osteoclast development 41 2) and 5-ACTTTCCCTCTGACTCTCAGCTCCTGG-3 (within were detected only in testis, lymph node, and thymus. 53 exon 7). 48 Amplification conditions were initial denaturation of 96ЊC
Despite the varied actions of IL-11 within the hematopoi- The IL11Ra coding region was amplified using oligonucleotide and a 3 2.9-kb BamHI-HindIII fragment (both derived from genomic primers in exon 10 (5-CTGCAAGGCCTTCCTTGCAGCCGG-3) clone l11.4) 52 were blunt-ended and inserted at either side of the and in exon 12 (5-CGGTCCATCCTTCCCACTCCGTCT-3). 48 BepgkNEO cassette at the BamHI and Cla I sites using BamHI and cause the exons encoding the 5-UTR of IL11Ra and IL11Ra2 Cla I linkers, respectively. The neo cassette replaced parts of exons cDNAs differ, pairing of a sense-primer located in this region of 8 and 13 and the intervening exons.
9-12 The construct was linearized divergence with a common antisense-primer located on coding exonusing Xho I and electroporated into W9.5 embryonic stem (ES) 7 (identical in both cDNAs) enabled discrimination between trancells 60 that were selected using gancyclovir and G418. Antibioticscripts from the two loci. Thus combination of sense primer resistant ES cell clones were isolated, expanded, and screened by 5-CAGAGGGTGAGGGCGGAGGGCGCT-3 53 coupled with antiSouthern blot hybridization. 61 Genomic DNA was digested with sense primer 5-CTCCAGAGGGTCCTGTGGACACGG-3 was EcoRI; transferred to nylon membrane (Gene Screen Plus; NEN specific for IL11Ra transcript, whereas the combination of sense Research Products, Boston, MA) by capillary blotting; and prehyprimer 5CCTCAAAGGATTGTCCACTTCCGG-3 with the same bridized and hybridized at 65ЊC in a solution containing 1 mol/L antisense primer was specific for IL11Ra2 transcript. 53 RNA loading NaCl, 1% (wt/vol) sodium dodecyl sulfate (SDS), and 10% (wt/vol) was assessed by amplifying 5 mL of cDNA from each of the abovedextran sulphate; and probed with a 600-bp HindIII-EcoRI fragment mentioned samples for the hypoxanthine phosphoribosyltransferase derived from genomic clone l11.4. 52 The probe was situated in the (HPRT) transcript using primers described previously. 63 Samples (15 IL11Ra locus 3 of the targeting construct and permitted distinction mL) were electrophoresed through a 1.25% (wt/vol) agarose gel, between the endogenous loci (3.4 kb for IL11Ra and 4.0 kb for transferred to nylon membranes, and probed with oligonucleotides IL11Ra2 loci) and the mutant IL11Ra locus (5.2 kb; Fig 1) . The internal to the amplified product. membranes were washed with 0.21 SSC (11 SSC is 0.15 mol/L Flow cytometry. Single-cell suspensions of bone marrow, NaCl, 0.015 mol/L trisodium citrate) and 0.1% (wt/vol) SDS at spleen, lymph node, and thymus were incubated with an excess of 65ЊC and exposed to radiographic film for 18 hours at 070ЊC using 2.4G2 anti-Fcg receptor antibody 64 to reduce nonspecific binding intensifying screens. ES cells targeted at the IL11Ra locus were and then with a panel of specific monoclonal antibodies to various confirmed to contain a single integration using a neo probe. These murine antigens 59, 65 : anti-CD4 and anti-CD8 (Becton Dickinson, Lincells were used to derive chimeric mice that were mated with C57BL/ coln Park, NJ), anti-IgM (5.1), anti-Ly5-B220 (RA3-6B2), anti-Mac-6 female mice and the heterozygous offspring interbred to yield 1 (M1/70), F4/80, anti-Gr-1 (RB6-8C5), Ter-119, anti-Thy1.2 (30-wild-type IL11Ra (///), heterozygous IL11Ra (//0), and mutant H12), anti-TCRa/b (H57-697.1), and anti-TCRg/d (GL3-1A). The IL11Ra (0/0) mice. Mice genotypes were determined by Southern antibodies were directly coupled to fluorescein isothiocyanate or blot analysis of genomic DNA obtained from tail biopsies.
biotin, the latter being visualised using R-phycoerythrin-streptavidin Northern analysis. Northern analysis was performed as pre-(Caltag, San Francisco, CA). Analysis were performed on a FACSviously described.
62 Washes were performed with 2.01 SSC, 0.1% can analyzer (Becton Dickinson) and dead cells and erythrocytes (wt/vol) SDS at 65ЊC. Northern blots were first screened with a were excluded by propidium iodide (1 mg/mL) staining and gating radiolabeled murine cDNA fragment, a 445-bp Sph I/Sac I fragment with forward and side light scattering. (nucleotides 714-1158 from the murine IL-11Ra clone 30.1 48 ) encodHematologic analysis. Orbital plexus blood was collected from ing the deleted exons 8-11. The filters were then stripped and reanaesthetized mice and peripheral blood white blood cell count, probed with a radiolabeled 485-bp PCR-generated product encoding hematocrit, and platelet counts were determined using either manual exons 2-6 and part of exon 7 of the murine IL-11Ra. PCR reactions were performed in 50 Japan) counting techniques. Cell suspensions were made from bone murine GM-CSF (Schering, Kenilworth, NJ) at 10 ng/mL; human granulocyte colony-stimulating factor (G-CSF; Amgen, Thousand marrow and spleen by standard techniques and total femoral and splenic cellularity was determined using a hemocytometer after eosin Oaks, CA) at 10 ng/mL; murine IL-3 (PeproTech, Rocky Hill, NJ) at 10, 1, and 0.1 ng/mL; human IL-11 (R & D Systems, Minneapolis, staining. Manual 100 to 400 cell differential counts were performed using May-Grünwald-Giemsa-stained blood smears and cytocentri-MN) at 10 ng/mL; murine IL-6 (kind gift of Dr R. Simpson, Ludwig Institute for Cancer Research, Melbourne, Australia) at 100 ng/mL; fuge preparations of bone marrow and spleen. Bone marrow and spleen progenitor cells were assayed using semisolid agar and methyl human EPO (Amgen) at 2 U/mL; murine SCF (produced by expression in Pichia pastoris) at 100, 10, and 1.0 ng/mL; and pegylatedcellulose cultures as previously described. 59, 66 For each sample, 50,000 nucleated cells were plated in triplicate in 1-mL cultures.
recombinant human MGDF (PEG-rhuMGDF; Amgen) at 200 ng/ mL. After 7 days of incubation in a fully humidified atmosphere at Colony formation was stimulated by multiple combinations of purified recombinant growth factors at the following final concentrations: 37ЊC supplemented with 10% or 5% CO 2 , colonies were enumerated.
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The investigator was blinded to the genotype of the animals from of 13 NP per 1 BSA. Mice were immunised by the intraperitoneal injection of 100 mg of alum-precipitated NP-BSA. Titers of NPwhich the cells were derived. Cultures were fixed with 2.5% glutaraldehyde in phosphate-buffered saline and stained using acetylcholine specific IgG1 in the sera of immunized mice were determined by enzyme-linked immunosorbant assay (ELISA) using NP coupled to esterase, luxol fast blue, and hematoxylin, and the cellular composition of colonies was determined. Megakaryocyte colony assays were human serum albumin (HSA) as a plate coat and isotype-specific revealing reagents. Affinity maturation of the response was followed performed by stimulating 50,000 bone marrow cells with IL-3, SCF, and MGDF at above-noted concentrations. After 7 days of incubaby comparing the titer of IgG1 specific for NP13-HSA (measuring total anti-NP antibody) with that specific for NP2-HSA (measuring tion, the plates were fixed with 2.5% glutaraldehyde and stained with acetylcholine esterase. Colonies were defined as three or more high-affinity antibody). Optical density values were converted to micrograms per milliliter using purified NP-specific monoclonal anmegakaryocyte cells. A minimum of 200 to 300 colonies were examined per mouse (n Å 4 per genotype) and the results are expressed tibodies as standards. Quantitation of the specific antibodies was not extended beyond day 14, because the antibody titer usually decreases as a percentage. For assessment of the recloning potential (n Å 6 IL11Ra/// and IL11Ra0/0 mice), 25 to 50 colonies derived from after this time. Absolute levels of Ig isotypes in preimmune sera were determined by ELISA, as previously described.
68
bone marrow cells and grown in SCF (100 ng/mL) were isolated, and a single-cell suspension was prepared and replated in agar cultures Statistical analysis. Comparisons of mean values were made using the unpaired Student's t-test. stimulated by SCF (100 ng/mL). Secondary clones and colonies resulting from each primary colony were enumerated. The experiment was also performed (n Å 3 mice of wild-type and IL11Ra0/0 RESULTS genotype) by specifically isolating colonies of blast morphology. Colony-forming unit-spleen (CFU-S) assays were performed using Disruption of the IL11Ra locus. The IL11Ra locus was 75 ,000 bone marrow cells from 2 IL11Ra/// and 2 IL11Ra0/0 disrupted by homologous recombination in ES cells. In the mice in each experiment injected retro-orbitally into lethally irradimutated locus, exons 9-12 and part of exons 8 and 13 were ated (11 Gy, split dose) 129SV mice with 5 to 6 recipient mice per replaced by a neomycin expression cassette. This resulted in donor. Macroscopic colonies on the spleen surface were counted on the deletion of part of the hematopoietin subdomain conday 12. 67 taining the WSxWS motif, 48 the transmembrane region, and
Histologic analysis. Sections of sternum, spleen, liver, intestine, membrane-proximal portion of the cytoplasmic tail. The pancreas, kidney, lymph node, reproductive and genito-urinary orpresence of two copies of the mutant allele therefore resulted gans, muscle, heart, aorta, lung, thymus, brain, and salivary glands in a null phenotype (Fig 1A) . Neomycin-resistant ES cells from 6-to 8-week-old IL11Ra/// and IL11Ra0/0 mice were were screened by Southern blot using a probe situated outstained with hematoxylin and eosin and examined by light microscopy.
side the 3 limit of the targeting construct and a targeting tioned probe (Fig 1B) . 
loss. However, unlike their IL11Ra//0 and IL11Ra/// littermates, IL11Ra0/0 female mice appeared to be infertile. This observation is under further investigation.
At weaning, the weight of IL11Ra0/0 pups was comparable with that of the littermate controls: 10.5 { 1.3 g IL11Ra/// versus 10.8 { 2.0 g IL11Ra//0 and 10.5 { 1.2 g IL11Ra0/0 (mean { standard deviation [SD], n Å 10 animals per group). The IL11Ra0/0 mice appeared normal at birth and during adult life (oldest animals were 8 months of age). A histologic survey of hematopoietic and nonhematopoietic organs of 6-to 8-week-old animals showed no consistent morphologic abnormalities. Flow cytometric analysis of cells from bone marrow, spleen, thymus, lymph node, and peripheral blood using a panel of monoclonal antibodies for a range of lymphoid, myeloid, and erythroid antigens did not show any significant perturbations in the IL11Ra0/0 animals (data not shown).
Hematologic analysis. The peripheral blood platelet count of the IL11Ra0/0 mice was normal (901 { 87 1 10 6 / mL; Table 1 ). There were also no differences in the total and 13.0 { 2.9 1 10 6 for IL11Ra0/0; mean cell count per femur { SD, n Å 6). The splenic mass of 7-week-old mice was similar between genotypes (90 { 10 mg for IL11Ra/// and 89 { 11 mg for IL11Ra0/0; mean { SD, n Å 6). As cells and hematopoietic colonies derived in vitro after stimushown in Table 1 , the cellular composition of bone marrow lation of bone marrow cells with SCF, EPO, and IL-11. and spleen and the number of megakaryocytes were similar Amplification by oligonucleotide primers from exons 10 and in IL11Ra/// and IL11Ra0/0 mice. 12 (deleted by the targeting construct) generated the appro-
The progenitor cell content of mutant and wild-type mice priate 166-bp product from /// mice. As expected, there was assessed by in vitro clonal cultures using multiple cytowas no PCR product in either bone marrow cells or hematokine combinations. The number of bone marrow granulopoietic colonies from 0/0 mice (Fig 3A) . The anticipated product was also noted in testis of IL11Ra0/0 mice due to amplification of the IL11Ra2 transcript, because the nucleotide sequences of the IL11Ra and IL11Ra2 genes are identical in this region. The absence of an IL11Ra and IL11Ra2 RT-PCR product was also confirmed using mRNA derived from kidney of IL11Ra0/0 mice (data not shown). Oligonucleotide primer pairs specific for transcripts from IL11Ra2 locus showed expression only in the testis (Fig 3B) . There was no detectable IL11Ra2 transcript in IL11Ra/// or in IL11Ra0/0 bone marrow, neither in the steady-state nor in hematopoietic colonies stimulated by IL-11. Although no IL11Ra transcripts were seen in the samples from IL11Ra0/0 mice by Northern analysis and RNase protection assay (data not shown), RT-PCR using primers specific for exons 1-4 of the IL11Ra locus (not deleted by the targeting construct) showed a product. This was interpreted as representing an (10 ng/mL) increased this to 95 { 6 (P õ .05). Similarly,
stimulation with IL-3 (0.1 ng/mL) generated 15 { 4 GM-
CFC per 50,000 bone marrow cells, whereas IL-3 together
Metamyelocytes/neutrophils (%) 2 { 1 3 { 2 with IL-11 (10 ng/mL) resulted in 46 { 12 GM-CFC (P õ 2) was additional evidence of an IL11Ra null phenotype.
n Å 9 of each genotype.
Moreover, these results further confirmed a lack of compensation from the IL11Ra2 locus. Assessment of hematopoietic reserves. 5-FU selectively cyte-macrophage (granulocyte-macrophage colony-forming kills cycling cells. 69 Recovery from such a stress involves cells [GM-CFC]), erythroid progenitors (burst-forming unitrecruitment of quiescent stem cells and induction of differenerythroid [BFU-E]), and megakaryocyte progenitors (CFUtiation. IL-11, mostly in synergy with IL-3 or SCF, has been MEG) were comparable for IL11Ra/// and IL11Ra0/0 documented to support multilineage progenitors 13, 15, 70 and mice (Fig 4) . The less primitive erythroid progenitors, colstimulate entry of dormant stem cells into cell cycle. 9-12 The ony-forming unit-erythroid (CFU-E), were also normal (data recovery of IL-11Ra 0/0 mice was therefore assessed after not shown). There was also no significant difference in administration of 5-FU. As shown in Fig 6, the kinetics of spleen GM-CFC and BFU-E between the wild-type and recovery of total white blood cells, platelets, and bone marIL11Ra0/0 animals (data not shown). Thus, the IL11Ra0/0 row progenitor cells in IL11Ra0/0 mice were similar to mice showed no perturbation of progenitor cells.
those of IL11Ra/// mice. Also, no difference in recovery CFU-S day 12 are a population of stem cells with the of bone marrow progenitors was noted in additional expericapabilities of self-renewal and generation of multilineage ments performed on days 5, 7, and 10 after 5-FU administracommitted precursors. 67 Nucleated bone marrow cells tion and on day 7 after more severe hematopoietic insult (a (75,000) from IL11Ra/// and IL11Ra0/0 mice were insingle dose of 5-FU followed 3 days later with 6 Gy irradiajected intravenously into lethally irradiated recipients (n Å tion; data not shown). Platelet response was also examined 5 to 6 recipients per donor). The recipients were sacrificed in an immune model of thrombocytopenia induced by adminon day 12 and the colonies on the spleen surface were istration of antiplatelet serum. Recovery from such a stress counted. Figure 5 represents data from two independent exdepends in part on platelet production from existing megaperiments and shows no differences in numbers of CFU-S karyocytes. After a 90% decrease in platelet levels 24 hours day 12 from the IL11Ra/// and IL11Ra0/0 mice. after administration, the rate of recovery was similar in Recloning studies were performed to determine whether the self-generation capacity of progenitor cells was altered IL11Ra/// and IL11Ra0/0 mice.
AID Blood 0036 / 5h3d$$$701 08-13-97 02:02:27 blda WBS: Blood IL-11 is also known to influence erythropoiesis. [22] [23] [24] We ery and the magnitude of this response were very similar in the IL11Ra/// mice and IL11Ra0/0 mice (Fig 7) . therefore examined the erythroid response to anemia by inducing acute hemolysis with phenylhydrazine. 71 Recovery Immunologic studies. Sera of IL11Ra///, IL11Ra//0, and IL11Ra0/0 mice were assessed for the concentration from such a stress is dependent on the progenitor reserve and the induction of terminal erythroid differentiation. Erythroid of the various Ig isotypes. The levels of IgM, IgG3, IgG1, cells of IL11Ra/// and IL11Ra0/0 mice were equally sensitive to phenylhydrazine (decrease in hematocrit to 50% of Mean { SD of GM colony numbers in replicate cultures from 3 mice per genotype. Cultures containing 50,000 bone marrow cells were stimulated with IL-11 (fixed concentration of 10 ng/mL), IL-3, and SCF (at the above-noted final concentrations) and scored by an investiga Fig 5. CFU-S day 12 (CFU-S d12) progenitors in IL11Ra Ï/Ï mice.
tor blinded to the genotype of the animals from which the cells were Mean Ô SD of CFU-S d12 from two independent experiments. In each derived. Note the lack of response to IL-11 in IL11Ra0/0 mice. The experiment, 75,000 bone marrow cells from each of 2 IL11Ra"/" and increment in colony numbers in the presence of IL-11 was significant IL11RaÏ/Ï mice were administered intravenously to 5 or 6 lethally for IL11Ra/// mice. irradiated recipients. The recipients were killed on day 12 and macroscopic colonies on the spleen surface were counted. * P õ .05. IgG2a, and IgG2b were measured in mice of the three genoand the average titer of antigen-specific antibody increased relative to the previous week. The IL11Ra 0/0 mice showed types at the age of 4.5 to 5.0 weeks (Table 3 ). There were no consistent differences between the three groups, demonslightly higher levels of NP-specific IgG1 at each time point measured, but the difference never reached statistical sigstrating that IL11Ra0/0 mice were not deficient in the production of these Ig isotypes. It was formally possible that nificance. Five weeks after primary immunization, the mice were boosted with a soluble form of the immunizing antigen the levels of certain of the isotypes measured in these young mice were due to maternally transferred Ig and not endogeand serum samples were collected at weekly intervals. The modest increase in serum titers was attributed to the poor nous production. We therefore measured the levels of the same isotypes in a limited number of 8.5-week-old animals immunogenicity of NP-BSA, but again the degree of increase was comparable in both groups. At each time point, the and again observed no significant difference between control and IL11Ra0/0 samples (data not shown).
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proportion of the total anti-NP antibody that was of the highaffinity subtype was the same in both groups. Thus, affinity The antibody response of IL11Ra0/0 mice to a T-celldependent antigen did not significantly differ from that of maturation occurred equally in both groups. Therefore, despite the evidence implicating IL-11 in B-cell maturation, control animals (Fig 8) . Only a fraction of mice showed antigen-specific IgG1 in their sera 7 days after primary im logic assays, we have confirmed that the targeting strategy led to a null mutation of the IL11Ra gene. In addition, there was no detectable expression of the product of the second IL-11 receptor gene, IL11Ra2.
Although IL-11 has been documented to enhance multilineage progenitors on its own and especially so in synergy with SCF or IL-3, 13, 15, 70 its role in the regulation of very primitive murine and human stem cells is still unclear. Several investigators have reported that using in vitro assays IL-11 has little effect on this population. 13, 19, 70 However, it has been shown that short-term incubation of 5-FU-treated and to an improved ability to reconstitute murine bone marrow transplant recipients. 18 Also, retrovirus-mediated overexpression of IL-11 in bone marrow resulted in a 20-to DISCUSSION 100-fold elevation in progenitor cells in spleen 74 and to accelerated hematopoietic recovery in primary and secondary Several actions exhibited by IL-11 are shared with IL-6, recipients. 33, 75 IL-6 and LIF, which share the same signal LIF, CNTF, and OSM. 3, 72 To examine the unique actions of transduction molecule (gp130) with IL-11, also demonstrate IL-11, we have generated mice with a targeted mutation of similar actions on expansion of multi-lineage progenitors.
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its known ligand-binding specific receptor component (aAlthough the long-term repopulating stem cell compartment chain). This receptor component, encoded by the locus was not quantitated, multipotential stem cells (CFU-S day IL11Ra, is normally expressed in a wide variety of adult and 12) and more committed progenitors (as assessed by in vitro embryonic murine tissues, including those contributing to clonal cultures) were normal in IL11Ra0/0 mice. This obhematopoiesis. 52 Using Northern analysis, RT-PCR, and bioservation was surprising, because IL-60/0 and LIF0/0 mice show a reduction in CFU-S and, in IL-60/0 mice, a although the IL-6 group of cytokines shares several functions, the degree of compensation that can be achieved in maintain a normal peripheral blood white cell count. 71, 77 Because the predominant action of IL-11 on progenitor cell is the absence of individual cytokines is indeed variable. The hematopoietic defects resulting from IL-6 and LIF deficienin combination with SCF, an analysis of the IL11Ra0/0 mutation in a SCF-deficient background (Steel or white spotcies imply that a subset of cells is critically dependent on these factors for optimal activity, whereas the role of IL-11 is ting mutations 78 ) may help in analyzing its role on this compartment.
fully compensated for by one or more of the above cytokines. However, studies of LIF deficiency have emphasised that the We have shown here that the functional redundancy for IL-11 also extends to the erythroid compartment. IL-11 is question of redundancy has to be interpreted in the context of the organ under study; IL-11 may be redundant in the known to influence multiple stages of erythropoiesis. For example, in vitro, in the presence of EPO, or in synergy hematopoietic compartment, but a survey of other organ systems may unveil its unique function(s). with IL-3 or SCF, IL-11 can increase the primitive erythroid progenitors, BFU-E 22, 23 ; with EPO, it can also support the ACKNOWLEDGMENT maturation of the more differentiated precursors, CFU-E. 22 Similar effects also occur in vivo. 24 However, the steady- in TPO-deficient mice or c-mpl null mice can now be per- Blood 78:1448 Blood 78: , 1991 formed by genetic crosses. 
